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ABSTRACT 

We have established conditions for r/y/w/iosoma 
spiicmg. we found that the concentration «f 
~ ^'"5 tor the expression of a number of different 
leader (SL) RNA was optimal at 20 mM KCI, whereas 
P ^ U,T ' wncerrtrauons were inhibSE *E 
addition, MgCI 2 concentrations abov» 3 mM Edto t£ 

weight RNAs in the form of branched Y-stmcturas and 
* a free linear molecule, which ra P idl7K^« r 

transection and trans.spifcing can be uncouptedV 



INTRODUCTION 

^STT b ? Ce b * weU 35 * * veral o*er protozoa of 

^ rt f com P ,e * P°lycisinmic (1,2) and poTy H eiiic 
n^n more than one protein codmg region. The formation of 

Si rUff"" mQleCules is *^ *n££ 

a 39 SfcJ A l TOeMn * action that emails the joining of 

C«' S??k wluch J 1 "** deferent Proteins (i- 6 ), 

^ral 3- ™v V smd pre-mRNAs. which contain one or 
* XL?"* ,8) SeveraI observations suggest 

Nation 2 « \ Ki * led k Most """P^S has beenlhe 
Nation )n steady-state *Na of linear branched molecules 



consisting of the SL intron (the 100 « downstream from the SL 
science a the SL RNa) joined via a 2'-5' BnkS? » hS 
22,™^ (4-6): these molecules would t 
analogous to the jmron-exon lariat intermediates that form durips 

f™od three years ago, not much progress has been mads 
awards understanding the mechanism ofW*p£H^ 
because no trjpanosome system compete* foT'asS 
^™ ******* * *» <* « *» has S 
To overcome these Umkatjons we decided to explore Deraeable 
trans-spiinng. a, a previous report we have shown that after 

synthesize RNA (3). However, at that time v,e were unablem 
obtatn a linear rate of RNA synthesis for longer than 5tS£S 
orto detect trans-splicing activity. By sysnfmaSy 

condtnons we lave now succeeded in obtaining a «Tpr™£n 
mRNAs. Thus, permeable cells constitute a suitable svswnuo 

MATERIALS AND METHODS 

sSS* 0 * 0t Perme8ble ^ ^ for RNA 

St'SS.^V^ 1 ! of . ir9ns -sP«ciig activity it was essential 
tet the cell cuhure density was well below saturation **jh* 
the cells were frequently diluted to keep the number of dead S 
K> a minimum. In addition, fa was important to canyout d* 
permeabdizadon procedure as fast ^^ssible ^rSycS 
nypanosome forms of the YTaT strain were grown 
as desenbed previously (3) b« using 10% feal SsSum To 

T Iosari,hraic p^/SSnS 

P 7 x 10° celJs/ml) were harvested by centrifuaaiioa at room 
^^trifiige 0EC, modelS^^ 
ax top speed for 5 minutes. Cell pellets were washed twice with 



'To 



* ltom e »n«ipondenof should be xldrnssd 
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1 ml of culture medium without serum and collected by 
centrifugation for 30 seconds in a variable speed Hill mini- 
centrifuge at 4500 rpm at room temperature. This was followed 
by two additional washes using buffer A (150 jpM sucrose, 20 
mM KC1, 3 mM MgCl 2 , 20 mM HEPES-KOH [pH 7.9], 1 mM 
DTT and 10 pg/ml leupeptiu). Finally, cells were resuspended 
in buffer A at a density of 6x 10 8 cells/ml, divided into 400 jd 
aliquots, chilled on ice for 5 minutes and then L-<*- 
lysophospharidyicholine, palrcitoyl (stock solution in water; 
Sigma) was added to a final concentration of 500 yg/ml. After 
a 1 minute incubation on ice, two volumes of buffer A (kept at 
room temperature) were added and the cells were recovered by 
cemrifiigarion as above and washed once more in the same buffer. 
Each cell pellet derived from 2,4 xiO 8 cells was resuspended in 
a total volume of 100 ^1 of buffer A. At this point the cells can 
be kept on ice for up to 30 minutes without appreciable loss of 
acriviiy. To initiate transcription an equal volume of transcription 
cocktail was added to give the following final concentrations: 

2 mM ATP, ImMGTP, JroMCTP, 75 mM sucrose, 20 mM 
KC1. 3 mM MgCl 3 , 1 mM DTT, 10 M g/ml leupeptin, 25 mM 
creatine phosphate, 0.6 mg/ml creatine kinase and 500 ^Ci/ml 
[of»F]UTP (3000 Ci/mram, Amcrsham IntenaUonai). cells 
were incubated at 28°C for the required period of lime, and then 
DNAse I was added to 200 /ig/ml and incubation was continued 
for 30 seconds at room temperature. Cells were Jysftd by adjusting 
the reaction mixture to 1% SDS, 1 mg/ml proteinase K and 20 
mM EDTA (pH 8,0). After incubation at 55°C for 15-30 
minutes, nucleic acids were precipitated with 1 volume of 4 M 
ammonium acetate (pH 6.0) plus three volumes of ethanol, 
recovered by centrifugation at room temperature for 15 minutes 
in a microcentrifuge and rinsed with 70 % ethanoi. This treatment 
resulted in the removal of more than 95% of unincorporated 
nucleotide triphosphates. Routinely, 1-2x10* cpm were 
incorporated into RNA in 10-15 minutes per 10 7 cells. 

RNA analysis 

Fractionation of radiolabelled RNA by electrophoresis was 
carried out through 6% polyacrylamide-7 M urea gels. After 
electrophoresis the gels were dried and exposed to X-ray film. 
RNAsc mapping with biotinyJated anii sense a-iubulin RNA 
probes was carried out essentially as described (3), except that 
only one cycle of hybrid enrichment by strepmvidin^tgarose was 
performed. For DNA dot hlot analysis the following trypanosome 
plasmid clones were used: pSPSL2/65 f contains a cDNA copy 
of the SL RNA from nucleotide 7 to nucleotide 128, cloned into 
the vector pSP65 (C.T., unpublished data); pTE7SL contains a 
600 nt genomic fragment coding for T- brucei gambiense 7SL 
RNA, cloned into pT3T7 (E.U., unpublished data); pTUBS is 
a genomic clone in pT3T7 containing the 1.1 lob EcqRI-SqU 
fragment of the a- and ^-tubulin repeat (14, and our unpublished 
data); pr2 and pr7 are two genomic EcoRJ fragments spanning 
sequences coding for the two large ribosomal RNAs (V.Asher 
and E.U., unpublished data); p84A3 is a genomic clone of 500 
bp which contains part of the U4 snRNA coding region (C.T., 
unpublished data). Plasmid DNas (5 jtg/dot) were incubated at 
55-60 G C in 0.3 N NaOH for 15 minutes, diluted with one 
volume of 2 M ammonium acetate and bound onto nitrocellulose 
filters using a S&5 manyfold filtration apparatus. Hybridizations 
were carried out at 68°C for 16 hrs in 5 x SET (1 xS£T= 150 
mM NaCl, 30 mM Tris-HCl [pH 7.8]. 1 mM EDTA), 10x 
Denhardt's, 1 % SDS, 100 jig/ml carrier tRNA and 10-20 x 10 6 
cpm of radiolabelled RNA in a total volume of 2 milliliters. After 



hybridization the fillers were extensively washed in 2 x spr 
65°C, incubated with 20 ^g/ml RNAse A in 2x SET fa ^ 
minutes at 37°C, rinsed in 2x SET at 37*C and exrxvaM 
Kodak X~ray film. **** lQ 



RESULTS 

Parameters affecting RNA synthesis in pcrmeahi 
trypanosorne cells le 

Cultured procyclic cells of Trypanosoma brucei rhodesiense were 
permeabilized by exposure to the detergent lysolecithin follow fa 
the general outline of the procedure reported previously n\ J! 
with several unifications as described in Materials and Methods 
To establish which parameters were critical for accurate and 
efficient RNA synthesis in permeable trypanosornes, we initially 
measured the extent and kinetic of incorporation of radiolabelled 
OTP into TCA-insoluble material and analyzed by sjt\ 
electrophoresis the quality of the RNA synthesized (i.e. discrete 
RNA bands and size) under a variery of conditions. In the eouree 
of these experiments we made the following observations (data 
not shown). First, in order id maintain a linear rare of RNA 
synthesis for at least 15 -20 minutes, glycerol must be excluded 
from the incubation cocktail and creatine phosphokinase plus 
creatine phosphate must be present. If glycerol was included, 
as in our original protocol (3), the ATP pool was rapidly depleted 
even in the presence of an energy regenerating system leading 
to a complete halt of RNA synthesis. We tested a number of 
compounds to replace glycerol in the incubation cocktail including 
polyethylene glycol (PEG), sucrose and polyvinyl alcohol (PVA). 
At the concentrations tested all compounds supported linear 
incorporation of UTP but the relative efficiency of RNA synthesis 
decreased in the following order: 75 mM sucrose or 3% PVA 
> 1 M sucrose > > 10% PEG. However, the RN A syrohesized 
in 75 mM sucrose was qualitatively much better than the one 
obtained in the presence of PVA both in terms of overall size 
and presence of discrete RNA species. Second, the incorporation 
of radiolabelled UTP was proportional to the cell number, if we 
used between 1.2x10 s and 1,2 xlO 9 cells/ml in the transcripuoa 
reaction. Increasing the cell number over 1 .2 x KP/ml resulted 
in a reduction on a per cell basis of the ability to incorporate 
the label and in an overall shortening of the RNA chains. Third, 
acetate and chloride salts of potassium and magnesium were 
equally effective at supporting RNA synthesis. 

Potassium and magnesium requirements for SL RNA 
synthesis 

Because we wished to establish optimal conditions for both 
transcription and for trans-splicing, we first concentrowd on 
identifying optimal ionic conditions for SL RNA synthesis. In 
initial experiments wc made the fortuitous observation that th* 
accumulation of SL RNA was dramatically reduced at KC1 
concentrations above 20 mM. We therefore determined the 
optimum MgCl 2 concentration for SL RNA synthesis in tf* 
presence of 20 mM KCL Figure 1 a shows the patterns of lo* 
molecular weight RNAs synthesized at five different MgCb 
concentrations ranging from L5 mM to 12 mM. The maximal 
accumulation of intact SL RNA was observed at 3 mM MgCfe 
(the identity of the SL RNA was established by hybrid selection 
with cloned SL DNA, see below). At higher magnesium 
concentrations we observed an increase of a 130 nucleotide RNA 
species (indicated by an arrowhead). By site^directed cleavage 
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Figure 1. A: RNA synthesis: litnuioq of magnesium ions. KmUoUbcOed RNA 
*W*>whcsiZ6<J for 8 rain, m permeable cells using variable araowns of MaCl,. 
« «ch (mM). ™d 3 fixed wncenoMionT^icoS 
AUquoB from «ch ration we™ tacrionawl by elecaophm^ « Vfk 

B. RNA s>nthtSdi : lunmnn of prasslum jon*. RNA was synlhesiZBd foMJ^in 

« mM. T^POM*. of toSLRNAfc kMrii solid ^herfE? 

poaoon of fe|L RNA 130 <*e «, for deaik). M, art labefleaA&pl 
2£^£SSf* «** market*. Ap^C^ 1 
*«*• me SL UNA can be seen u, (B), whereas this RNA is absent under 

mve en ™ P ian»non for phenomena, nor do we know (he kkaiiiy ofttas RNa 

jvith ribotiuci^e H and complementary oligonucleotides, we 
£3 ^l 6 ™ 1 ^ that the predominant component of the 130 to 
,Tf ^ * NA shonenod at die 3' end (data wt shown). Most 

«iy rjfos RNA corresponds co an SL RNa species of similar 
rv 4 J StTOCture was P nv ^f identified in steady-state 
*« A and does not seem to be a substrate for trans-splicing (20) 

Having established that the addition of 3 mM MgCl, to the 
iranicnpaon mixture was optimal for the accumulation of intact 
c™. ' rCwinvesri g aie d the effect of varying me KCl 
ST^JF'W*}*)- ^^sing me potassium concentration 
of si dv M TesuIttd m a Progressive decline in the amount 
SL ftw* A , aoc >«n»»atioa. At 90 mM KCl we detected very lirtle 

shor^wl'ct »vf U "°!J' 00 Substantial amount of the 3' end 
^nened SL RNA of 130 tu accumulated. 



v^.^ ""ioesium Ions modulate the synthesis of a 
"wietv of cellular RNAs 

SScri™?!f ntiia ? d accumulation of « number of different 
1 A and iR T Ve I- rtnBe of ^ *own in Figures 

for laro„ \ ttus ex P Cl wJ«tt, cloned trypanosome DNas coding 

u * snR^r 05 ?^ ^v^' "* ' S - tubuUn n^RNA*. SL RNA, 
A and 7SL RNA were immobilized onto niiroceUulose 
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filters and hybridized to rami radiolabelled RNA synthesized 
under various Ionic conditions. After hybridization and washing 
of the filters, the radioactivity associated with each dot was 
determined by liquid scintillation counting (Figure 2A and 2B) 
The synthesis of all transcripts tested, wrft die exception of the 
large nbosomaJ RNas, was inhibited at KCl concentrations above 
20 1 mM (Figure 2A). The extent of inhibition was variable for 
different gene products (Figure 2a). Most dramatic was the 
response of the SL RNA whose accumulation was reduced 80% 
by raising the potassium concentration from 20 to 40 mM The 
U4 and 7SL RNAs behaved similarly to the SL RNA. Instead 
toe tubulin RNAs were the least sensitive to increments of 
potassium above 20 mM. Similar results were obtained for the 
calmodulin and ornithine decarboxylase mRNAs (data dot 
shown). Finally, the accumulation of ribosomal RNAs was 
striated by increasing the potassium concentration up » 

Variau&ns in the magnesium concentration of the incubation 
cocktail affected the accumulation of different transcripts to 
v^om^g^Fig^aB). The response curves of the tubulin, 
7SL and U4 RNAs showed a rather broad optimum for 
magnesium around 4-8 mM. In contrast, ihe synthesis of the 
?F r f ? osornal RNAs ^ a niagncsiiira optimum which was 
above 8 mM. Finally, the total accumulation of the SL RNA 
s^uimces, that is the SL RNA plus the SL RNA 1 30 and perhaps 
other degradation products of the SL RNA, displayed a clear 
maximum at 5 mM magnesium. From these data we concluded 
that tte )onic conditions that promoted the synthesis and 
accumulation of intact SL RNA were permissive for the 
accumulation of other gene products and in particular for mRNA 
uwipts. such as the or- and ^-tubulin RNAs. At the optimal 
Mgcij concentration for the accumulation of iniaa SL RNA (3 
mM), the Tubulin RNAs were still quite efficiently synthesized; 
the accumulation was reduced by only 20% relative to the 
maximum^ On die other hand, the synthesis of the large ribosomal 
RNAs followed a trend chat was opposite to the one of aU other 
RNAs rested, being maximal at high potassium and high 
magnesium concentrations, 

Inhibition of transcription by c^amanitin 

To confirm mat the normal physiology of RNA synthesis was 
retained in permeable trypanosome cdls, we determined the 
ettect of the elongation inhibitor o>amanirin on the transcription 
f ^ousgeniss (Figure 3), using ionic conditions that are optimal 
tor SL RNA synthesis and accumulation (3 mM MgCl, and 20 
mM KQ). The transcription of the ribosomal genes was 
insensitive to high concentrations of the inhibitor (500 ug/mi) 
whereas the synthesis of tubulin RNAs was 90% inhibited at the 

'""^ **** (5 Mg/ml). Hie synthesis 
of the SL RNA was 50% inhibited at 15 M g/ml *-ama*itin. These 
results are m agreement with data reported earlier using run-on 
transcription assays in isolated trypanosome nuclei (21). 

Evidence for trans-splicing 

Detection of (he SL exon and SL imron 
To determine if trans-splicing was taking place in our permeable 
ecu *ystem ( we first deiermined the structure of newiv- 
synthesized SL RNA sequences by RNAse protection 

^J^* 11 *' ^ probe wc ^ unlabeled antisense SL RNA 
whwrh is complementary to nucleotides 7 to 128 of the SL RNA 
A Typical result of the RNAse mapping experiments is shown 
in Figure 4. We detected four fragments with approximate 
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~\ — i 1 r 

15 50 150 500 
jig/ml a-amarntirt 



Figure 3. Inhjbixkm of RNA synthesis by &-amanicin. Permeable irypaiHsames 
wetc preiambatad in buffer A far S minutes ou ioc in the presence of ihe indicssd 
smouBW of qcnamiinitin. Transcription was initialed b> adding ihe remainder <?f 
Uw components nod allowed to proceed for 15 nrinuws, The extern of &na 
synthesis by the ribosomal. SL. and tubulin genes was determined by dm Woe 
analysis as described in Figure 2 A and is expressed as porocniages of the vniuc 
observed in the absence of ihe inhibitor. 



Protected frnxnwals 



* |3Lg»artl SLUmm [SLRKa 



figure 2. A: Qumtitiiion of ihe synthesis of various c^lar Was in the onsence 
of variable amounts of KG. 3Z P-RNA from l-2x JO 8 cell* was s>niheaacd as 
described in figure IB and hybridized to dot blow of ptesmid DNas coding for 
me large ribosomal ftNAu, SL RNA, <*> and £-wbulin RNas, 7SL RNA and 
U4 snRNA (see Materials and Methods for details;. For each doc the amount 
of hybridized RNA was deteroiiiwd by liquid scmOJton counting; for each gene 
die highest hybridization value was set ai 100%, where** the other values were 
expressed as p&rauagtt of that number. B: Quarorouon of the zyohesis of various 
cellular RNAs in die presence of variable amounts of M g Cl ? . "P-RNA was 
K>niht£i2&d as described in Figure 1a and quanrhated as described in (A), 



— SLExen 



mobilities of 129, 523, 90, and 39 ni. The 123 nr. RNA species 
had the correct size expected for protection of SL RNA which 
had not been cleaved at the 5' splice site. The 129 nt RNA was 
longer than the fragment expected for full protection of the probe 
(123 nt) and may be derived from incomplete cleavage of intact 
SL RNA by ribonuclease A and T,. This would be the case if 
the 129 nt SL RNA fragment has a fully methylated c$p structure 
(in which the first four nucleotides adjacent to the cap are 
methylated; refs, 22-24), and therefore the ribonueleases would 
not be able to cleave the 5 ' end sequence ( A^A ^ U^Cn^AA) 
which is not represented in the probe. Indeed, a great proportion 
of the SL RNA made in permeable cells appeared to be capped 
as judged by 5' end group analysis and by irnmunoprccipitation 



1 2 M 

Figure 4. Fractionation of radiolabelled RNA fragments prorecicd from RNAsc 
digestion by the awjsense SL RNA probe, Radiolabeled RNa from 6x10° ceil* 
was analyzed by RNAse mapping in ihe absence (lane 1) or presence (lane 2) 
of 200 ng Of unlabelted SL antuense RNA essentially ad described O) except 
thai 40% foitnamide was Included in The hybridization solution and hybridisation 
was earned out at 37 a C The products of digestion were analyzed by 
idectrpphoitsis as described in figure 1 , M, molecular weight martyr. Tte 
structures of the ami scree SL RNA probe and of the expected products of RNAse 
digestion are shown on the right. 
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I— SL RNA 



oil 



-»-SL Intron 



fipwe 5. Bectrophoretk: fractionation of SL RNa wouraces selected bv 
bjta^aoon to cloned SL DNA. Radiolabeitai RNA fr^jo^f 
hybnd^ B ftortwl DNA pSPSU/65 (10 immobilized onto a ritrSS 
fitor « dcscnbed m M^wiai, ted Mrtwis. After hybridization S«Se 
washm E , hybndi i «« duicd by boiling in 1 mM EOTa. Hybrid S 
*ere frccwwued Figure i. T. , QH u RNA, S. hybrid sek^^ M 
molecular weight ittutcr. n<NA - M - 

^^ i " 7 : m !^ Ie, ?? osine ca P TOti bodies (^ta kx shown). 
Tlierefore, both the maud 129 SL RNA fragments representrd 
SL RNA which had nor been cleaved at the 5' splice sire On 
the other hand, the 90 nt and 39 nt long SL RNA fragments had 
the sizes consistent with their identity as the SL iniron and the 
«. exon, respectively. Also in this case the SL exon fragment 
(» nt) was longer than predicted (33 nt) which was most likely 
due to incomplete cleavage by RNAse A and T, (see above). 

VSJT por6 ° n qfau tt innon " presem n afiee 

To establish the origin of the SL iniron fragments identified by 
RNAse mapping (see above) we first determined whether free 

S'^T 1 . ' m F™*^ Bypanosome cells. This was 
accompljshed by hybnd selection ofncwly-svmhesi2ed SL RNA 
fences , 0 cloned SL DNA immcMized onto a nitrocellulose 
niter, followed by electrophoretic fractionation of the hybridized 
material (Figure 5). Two distinct RNA species were selected- 
me most proponent one had the mobility of intact SL RNA (140 
S^^^^LT^^^ ">0ntlong suggesting 
W f fonn oflhe SL -to addition: 

RNa^ high m6lecular weight heterogeneous 

ta2f ' lot 100 * y ^resems mRNA molecules already 
Wn m^H*?^ ac .l"«rof na«bwly spaced bands 

? 3 t rl l60 . m ' ^ » « P^nr uncertain. 

dirZ!r ^ Idendty of frce S L inwon was obtained by 
wS!Sf^L etn ^ ,uion £Fi ^ e 6 >- For experiment, 
^ i^h^T"? *" am ?! int free SL iniron produced 

^ incubation of permeable trypanosome cells with the amount 

*as LcK S?*" 1 P 1° r W incubarim - Total ^belled RNA 
« iisohned from equal numbers of cells and fractionated on a 

WoS 5 J& P A ^srating at the position of the free SL 
^"ttiiad by running lamolabelled RNA in a parallel lane) 
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Figun 1 6. SMperoe determination of the fee SL uhtok. Towl imisbdjod rna 

m!>!^^ wwxi w>os gel purified wd subjected to primereMensian 

oB B«w*«M* SL-3' which »i miSK 
m 1 13 - t30 ^ a. RNA. The ewmion prtxh^ Uq^«ZC 

en^lf'i^^ " Wron r* 1 "* ^ of P«m«*]e «1L« ^ 

M. end-labelled Mrpl liagnenk of pER32? * ^ iL 

was eluted and subjected to primer extension analysis using M 
apnmer an oligonucleotide complementary to positions 113-130 
of the SL RNA (SL-3'). PreelHSn sS^Juce Z 
extension product of 91 nucleotides. This experiment showed that 
theisolated RNAs generated extension products of identical 
motahnes w,^ a Sl ze expected from the free SL intron (Figure 
JnSl? Jf 14 2>- b «*»*», comparison of the amount of 
cDNAs produced by the two RNA samples (compare lanes 1 
and 2) revealed that there was at least 10-times more free SL 
intron ar the end of the incubation period (lane 2) as compared 
to the amount present at the beginning of the reaction (lanel). 
lrus observation enabled us to sequence the free SL intron 
produced upon mcubarion of permeable cells using labelled 
S^ Mtide St-" 3 ', « a primer and diaeoxynuSe 
mphosphates. The nucleotide sequence of the extension product 
(lanes G, a, T, C) clearly demonstrated that this was indeed the 
free SL union and that this RNA species terminated ar the position 
of the splice junction. *^ 

thJ^, a ^ n ^ nce of ^ SL was ^ high considering 
the tact thai it was easily detectable in total RNA (Figure 5 see 
ateo Rgure ia). This RNa species is most likely a by-product 
of trans-sphemg and is derived from debranchinc forted SL 
intron pre-rnRNA molecules (4-6.25). & k conasivable, 
tr^bre, that this molecule is destined to degradation. To follow 
the tete of tree SL intron in permeable cells wc did a continuous 
labelling exTjernrient (Figure 7). Whereas the SL RNa continued 
to accumulate for 20 minuies, the amount of free SL intron peaked 
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Figure 7. Time course of ANA accumuluiioa. ^P-RNa was synthesized for the 
indicated periods of time; JtNA from Sx 10 6 cells was fractionated on 3 6% 
acryihimdc-7M una gul and detected by ttuthoradiography. M, end-labelled Mspl 
fragments of pBR3S2. 

at 10 minutes and thereafter decreased and free SL irnron was 
no longer detectable ai 30 minutes. Therefore, under our 
experimental conditions the free St intron aimed over quite 
rapidly and this is in agreement with its identity as a terminal 
product of trans-splicing. 

Identification of branched SL intron-high molecular weight RNA 
molecules 

In steady-state RNA three different forms of the SL intron have 
been identified so far: free SL intron (5), branched SL imron- 
Jow molecular weight RNA molecules (26) and branched SL 
intron-high molecular weight RNA molecules (4-6). The latter 
of these molecules should be generated during the first step of 
trans-splicing, that is cleavage at the 5 r splice site of the SL RNA 
coupled to the joimug of the 5' end of the SL imron to a branch 
site sequence upstream from the pre-mRNA 3' splice site. To 
further confirm that permeable trypanosotnes were fully 
competent to perform all the predicted steps of trans-splicing, 
we analyzed high molecular weight RNAs for the presence of 
branched SL intron containing molecules. Radiolabeled RNA 
was synthesized, partially depleted of low molecular weight 
RNAs by precipitation with isopropanol and fractionated by 
sucrose density gradient centrifugation. Next, fractions enriched 
in high molecular weight RNAs were incubated in a HeLa cell 
S100 extract containing debranching activity (27) and the release 
of the SL intron was monitored by gel electrophoresis (Figure 
8). Indeed, when this RNA, which per se did not contain 
detectable amounts of linear SL intron, was subjected to 
debranching by the human enzyme, RNA molecules with the 
electrophoreric mobility of linear SL intron were released. Under 
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f tewe 8. 'Debauching' of high molecular weight UNa. 3! P-rna fiura 
2.5 xlO 8 cells was paniilly depleted of low molecular weigh! RNAs by two 
rounds of precipimiion wiih 0,54 volumes of IwpTPpwwl and wdimemed through 
a 5% -20%- sucrose densiry gradient u described (3). An aliquot of high mda.uk- 
weight RNA was ntbanol prcripitaied and iacubaied in the absence (line 
labelled or to tte presence (law labelled +) of a HeLa cell SlOO ex™ 
containing debra&ching activity (27). RNas were deproteinijed and fractionated 
by electrophoresis as described in Figure I. T, input RNA; M, molecular weight 
marker. 

our experimental conditions the amount of SL intron associated 
with branched molecules was much lower than the amount of 
free SL intron, since debranching of unfracuonated RNA resulted 
in only a slight increase of the total amount of linear SL imron 
(darn not shown). In conclusion, the identification in ncwly- 
symhesized RNA of the SL exon and of the free and branched 
Jbrras of the SL intron implies thai trans-splicing is actively taking 
place in permeable trypanosome cells. 

Accurate trans-splicing of u-tubulin mRNA 
We next investigated whether we could detect accurate 5' end 
formation of RNAs by joining of the SL exon to mRNA 
sequences. As a model RNA we chose the ar-rubulin mRNA 
because it is abundant and only one 3' splice site is used for 
joining the SL sequence (14,26*), As an assay we employed 
RNAse protection of newly transcribed RNAs using as probe 
an antisense RNA complementary to the marure 5' end of the 
oc-iubulin mRNA, which consists of the SL sequence joined » 
a-tubulin coding sequences (Figure 9), As diagrammed in the 
figure* if trans-splicing of oMUbulin mRNA is accurate, the probe 
should protect from RNAse digestion an RNA species of l^ 4 
nt. In conitast, unspliced a-tubulin sequences lacking the SL 
sequence should generate RNA molecules of 125 nt f thai are 39 nt 
shorter than the trans-spliced product, for these experiments, 
RNA was synthesized under conditions that are either optimal 
for the synthesis and accumulation of the SL RNA and the SI 
intron (Low ionic strength buffer- 20 mM KC3, 3mM MgCU 
or strongly inhibitory for the synthesis of the SL RNA (Hig& 
ionic suenghih buffer- 90 mM KC1, 8 mM MgCW. Figure 9 
shows the results of this assay. RNAse protection of RNA 
synthesized in high ionic strength buffer (lane H) exclusively 
generated RNA fragments of 125 nt whose size was diagnostic 



Received from < 8584108922 > at 9/17/02 4:57:35 PM [Eastern Daylight Time] 



SEP-17-02 14:00 FROM-GEN-PROBE EXECUTIVE OFFICE 8584106922 M01 P-31/34 F-1E 



Nucleic Adds Research, Vol IB, No. 11 3325 



Probe (229 fltj 



39 725 



PxotwCod fragment* 
§9C£S^al Trans Spliced ( J 6« m J 



I »-TjDu^J UftSpiiCca U25t»() 



H L 



M 



Figure 9. predion of the nans-cipUced 5' end of mature a-tubulin niRNA. ^F- 
RNa from 2.4x10" cdls v*as iyntfiesaod using the ionic condition* described 
in the text. RNAM protection was performed as previously described (J) using 
2 flj of bioonjhtfed ^-tubulin antucmie RNA probe. The product, of digestion 
were ftactjonatisd as described in Figure l. Unc L: proacttd RNA fragments 
of RNA symfacjiized ro low ioric strength buffer; l«nc H, protected RNA ftagrosnis 
of RNA synthesized in high ionic strength buffer; M, molecular weigtn marker. 
Digram* of the a-tulmlin aniisense RNa probe and the expected products of 
RNAse protection arc shown on the right. The probe is complementary to the 
mature 5' end of the o^tubulin mRNA up to position 25 of the translated regiop 
(J4>. To done the o-tubuUn mRNA 5* end. cDNa syndesis of trypanowme 
mRNA w» primed whh an otigonucleoiicte cornpleinenawy to positions 1 10 25 
of the flrmtwlin transilaiBC sequence and (he resulting cONA was amplified by 
the polymerase chain reaction using the SL sequence as a second primer. The 
amplified DNA was Inserted into the plasmid vector pT3T7 and its structure was 
verified by sequence analysis, 

of unspliced a-tubulin RNA molecules. In contrast, the most 
abundant protected fragments obtained with RNA synthesized 
in low ionic strength buffer (lane L) had the size ( 1 64 nt) expected 
for accurately trans-spliced a-tubulin mRNA, 

, DISCUSSION 

We have established conditions in permeable cultured procyclic 
wypanosomes which allow the cells to retain their ability to 
efficiently and accurately transcribe a variety of irypanosome 
genes and to trans-splice newly transcribed SL RNA and 
pre-raRNAs. 

. ft was reported previously that lysolecithin permeabilization 
« compatible with a number of cellular functions including DNA 
s^jiqeiis (29), transcription initiation (30) and protein synthesis 
Our results show that rrar^licing, an RNA processing 
T^Uon, js also carried out by detergent-treated cells. The 
jfcfcrgent treatment is relatively mild and the overall cellular 
* S 75?° Sy ^ inte fi ri| y of plasma membrane are retained 
I 29, and our unpublished observations). Nevertheless, after 

! *j^ rQ 10 lysc4ccithm trypanosome cells become permeable not 
DNa° riucIeo ? ide ^phosphates but also to macromolecules like 
1 nucw^ which readily P* 1 **"** The nuclei and digests the 
«^ear DNA, and to DNA oligomers up to 23 nt long (33). These 
i lin? V ? l0|,s su £Bfi» intercalation of lysolecithin in the 

I Pw bilaycr has profound effects on the permeabiliry 



characteristics of the cellular membranes. We are currently 
tettnnining the size limits for penetration of proteins and nucleic 
acids into permeable trypanosomes. 

In the permeble cell system described hero, the efficiency of 
synthesis and accumulation of various cellular RNAs is severely 
affected by the concentrations of monovalent and, to a lesser 
extent, of divalent ions. Most surprising is the finding that 
potassium concentrations greater than 20 mM are strongly 
inhibitory for the synthesis of SL, U4, and 7SL RNAs (Figure 
2A). Magnesium ions have less dramatic effects than potassium 
ions cm the overall synthesis of SL, 7SL, U4 and tubulin RNAs 
(Figure 2B). However, above 3 mM [Mg T *] we note an 
accumulation of a 3' end shortened form of the SL RNA (SL 
RNA 130), Preliminary pulse-chase experiments indicate that SL 
RNA 130 is derived from cleavage of intact SL RNA 
(unpublished observation). Thus, it seems plausible that 
magnesium concentrations between 5 mM and 12 mM primarily 
promote 3' end cleavage of the SL RNA rather than inhibit its 
synthesis. Interestingly, SL RNa 130 accumulares in vivo when 
trypanosome cells are exposed to drugs thai interfere with 
transcription and with RNA processing (20). Furthermore, SL 
130 does not seem to be a substrate for trans-splicing (20). As 
Laird et. cL (20) pointed out cleavage of the SL RNA in the 
y end domain mi^ht represent a way of marking the SL RNA 
for subsequent degradation by ribonuclcases. High concenrjations 
of magnesium might inhibit trans-splicing and mis would channel 
the excess SL RNA towards degradation. Indeed, splicing of 
intervening sequences in HeLa cell nuclear extracts is inhibited 
at magnesium concentrations higher than 1.5 mM (31), As far 
as the effect of potassium is concerned, it seems likely thai 
potassium ions primarily inhibit transcription of the SL RNA 
genes since no substantial amount of SL RNA 130 accumulates 
at subcranial concentrations (figure IB). 

Our conclusion that trans-splicing of newly synthesized RNAs 
is actively taking place in permeable trypanosomes is supported 
by the following observations. First, we detect the products 
expected from the cleavage of the SL RNA at the 5' splice site, 
namely the SL exon and the SL intron. Second, branched RNA 
molecules consisting of the SL intron ligated to high molecular 
weight RNAs are found in newly-synthesized RNA from 
permeable ceils. These forked molecules have been previously 
identified in steady-state RNA and represent putative 
intermediates in trans-splicing (4-6). "nurd, the majority of the 
newly transcribed ©-tubulin RNA are trans-spliced, that is the 
SL sequence is joined to the ortubulin mRNA body in the same 
configuration as in the mature mRNA. And finally, since the SL 
exon and the SL intron are detected using 1/20 of the amount 
of RNA required to detect the 5' ends of a-tubulin mRNA, we 
argue that trans-splicing of a-tubulin RNA is not an exception 
and that a great number of trypanosome RNAs are trans-spliced 
in permeable cells. 

Our results demonstrate- that when the synthesis of the SL RNA 
and a-tubulin RNa are optimal, me correctly trans-spliced 5' 
end of the ortubulin mRNA is me predominant product present 
in newly-synthesized RNA. In contrast, when RNa is synthesized 
in buffers of high ionic strength and the synthesis of the SL RNA 
is inhibited, only unspliced a-tubulin RNA is produced. Since 
these latter conditions do not affect the transcription of a-tubulin 
RNA, this demonstrates that transcription and trans-splicing can 
be uncoupled. Furthermore, the finding that only unspliced a- 
tubulin RNA is synthesized in high salt buffers is in agreement 
with our previous findings concerning the synthesis of unspliced 
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calmodulin RNAs in permeable trypanosomes (3). Indeed, the 
ionic conditions we used at thai time were not optimal for SL 
RNA symhesis and, therefore, no nans-splicing of calmodulin 
RNAs was observed. 

Although the free form of the SL incron has been identified 
in steady-state RNA by Sutton and Bootbroyd (5) t evidence from 
other authors (4) seems to point out that link or no free SL inrxon 
is detectable in trypanosomc RNA. Our data clearly demonstrate 
thai the newly -symhesized RNA derived from permeable 
oypswo&ornes contains large amounts of free SL intron which 
rapidly aims over (Figure 7). Under our experimental conditions 
the half life of the free SL intron is probably only a few minutes, 
but pulse-chase experiments are clearly required to obtain more 
precise measurements. Because the free SL intron is surprisingly 
abundant, we were concerned thai its accumulation might be an 
artifact and not be related to trans-splicing activity. For instance, 
free SL intron might be derived from cleavage of the SL RNA 
by specific nucleases. Two diffcrenr lines of evidence argue 
against this possibility . First, the time course of RNA synthesis 
shown in Figure 7 clearly shows that the amount of free SL intron 
in total RNA is not related to the amount of intact SL RNA. 
Second, when trans-splicing is inhibited by site-directed cleavage 
of trypanosome U snRNAs, no free SL intron accumulates (33). 
Therefore, we regard the appearance of the free SL intron as 
a sign of trans-splicing activity and, so far, we have observed 
100% correlation between the two phenomena. 

Pulse-chase experiments (6) and measurements of the decay 
rate of the SL RNA (20) demonstrate thai the half life of the 
SL RNA is in the order of 4—6 minutes. In addition, the kinetic 
of accumulation of free SL intron suggests that uans-splicing of 
newly synthesized SL RNA can be detected in permeable 
trypanosomes as early as 5 minutes after transcription began. 
Therefore, me time required to trans-splice an individual pre- 
mRNA is probably very short and possibly less than a minute. 
How do trypanosomes achieve such a fast rate of trans-spUcmg? 
One possibility is that transcription and trans-splicjug mighr occur 
simultaneously or, in other words, trans-splicing might take place 
co- transcriptionally . Interestingly, co-oanscriptianal cis-splicing 
seems to occur at a measurable frequency for the Drosophila 
chorion pre-mRNA (32). Tight coupling of transcription and 
trans-splicing would overcome the problem of delaying the 
process of 5' end formation of trypanosome mRNA*, a process 
thai in most eukaryoes is accomplished by transcription initiation. 
Because many trypanosome genes appear to be pan of 
polycistronic or polygenic transcription units (1 -3), one could 
speculate that trans-splicing and not transcription initiation is me 
rate limiting reaction for mRNA synthesis and that in 
trypanosomes the emphasis has shifted from transcriptional 
control to regulation of trans-splicing. The permeable cell system 
described here will allow us to study the physiology of the trans- 
slicing reaction in detail, to understand its relationship to 
transcription and to gain clues about its regulation. 
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